A key step in transmembrane (TM) signal transduction by G-protein-coupled receptors (GPCRs) is the ligand-induced conformational change of the receptor, which triggers the activation of a guanine nucleotide-binding protein. GPCRs contain a seven-TM helical structure essential for signal transduction in response to a large variety of sensory and hormonal signals.
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MATERIALS AND METHODS

Materials
Mutagenesis and Expression of the AT 1 Receptor and Membrane Preparation-The synthetic
rat AT 1 receptor gene, cloned in the shuttle expression vector pMT-2, was used for expression and mutagenesis, as described in our earlier studies (14) (15) (16) 
RESULTS
Experimental Strategy for Mapping Helical Movements-RCAM measures relative changes
in water accessibility of site-directed reporter cysteines (Cys) in the inactive and constitutively active states of the AT 1 receptor. Highly reactive, sulfhydryl-specific methanethiosulfonate derivatives (MTS-reagents) were used to modify water-exposed site-directed reporter Cys residues. MTS-reagents are >3000-fold more soluble in aqueous than lipophilic solvents (20) .
Furthermore, these MTS-reagents react a billion times faster with the thiolate anion species than with the un-ionized thiol (21) . Only water accessible thiol groups ionize. Therefore, MTSreagent's reaction is specific for water-exposed Cys-sulfhydryl (-SH) groups in the receptor and does not affect buried, lipid-exposed or disulfide-bonded Cys residues. Reaction with MTSreagents results in the addition of a charged group (either a -sulfonylethylammonium group or a -sulfonylethyl trimethylammonium group) onto the reacted Cys to form a mixed disulfide bond.
The modification could block the receptor-ligand interaction either physically (size addition ~4Å to 6Å) or via electrostatic repulsion. Because the MTS-reagents are ~10 times smaller than Ang II, these reagents are capable of reaching ligand-pocket depths beyond that accessible to Ang II.
This mapping method has previously been used in the analysis of several types of integral membrane proteins, ion channels, transporters and other GPCRs (6, 8, 20, 21) . This finding is consistent with previous studies from our laboratory (14) (15) (16) of MTSEA inhibition was found, N111G < N111S < N111A < WT < N111I (Fig. 3) . The fractional inhibition caused by 2.5 mM MTSEA correlated significantly with basal activity calculated (r = 0.99, p < 0.05). It is possible to assume that the observed changes in accessibility in these constitutively active mutants arise because of combinatorial changes in accessibility of Cys residues. To evaluate this possibility, we tested double mutants, C76A-N111G, C76A-N111A and C76A-N111I under identical conditions. The double mutants were MTSEA insensitive ( Fig. 3) , implying that Cys76 is necessary and sufficient for conferring MTSEA inhibition in all mutants. We conclude that the accessibility of Cys 76 is changed in the constitutively activated state, perhaps due to motion of TM2 helix coupled to the activation of the receptor.
Reaction of the
Alterations in the Accessibility of Cys
Relative Accessibility of Reporter Cysteines in TM2-
In the C76A mutant we substituted TM2 residues, from Ala 73 to Phe 77 with Cys, one at a time (Table I) . A five-residue stretch is sufficient to infer the ligand-exposed phase, assuming that TM2 adopts a-helical conformation. for the D74C mutation is consistent with the previous reports on the D74A and D74N mutations (19) . A similar role in agonist activation is reported in other GPCRs for this highly conserved residue in TM2. When these mutations were combined with the constitutively activated state, the effect on the constitutive activation was consistent with the phenotype displayed by each mutation in the WT receptor (see Table II ).
Both MTSEA + and MTSET + inhibited the D74C and L75C mutants significantly more than the WT (Cys 76 ) ( We speculate that smaller residues substituted for the Asn 111 induced similar conformational changes that differ only in magnitude. This is based on the observation that different smaller residues substituted for Asn 111 render the receptor constitutively active, and that the magnitude of constitutive activity correlates with their degree of MTSEA resistance (Fig. 3) . Theoretically, however, the observed resistance could be the net result of accessibility changes in multiple at least in part consistent with rotational movement of TM2 (Fig. 4) . However, our results cannot be attributed solely to the rotation of the helix, because overall reactivity of successive residues Cys 74 , Cys 75 and Cys 76 in the activated N111G receptor decreased when compared to the WT receptor. (Fig. 4A) . Furthermore, some reporters in the N111G mutant (Cys  75 and Cys  76 ) inaccessible to MTSET + are accessible to the smaller MTSEA + , suggesting that a transmembrane motion of TM2 helix is taking place.
The possibility should also be considered that the observed accessibility changes in TM2
actually reflect a shift in the position of other TM helices that perhaps occurs upon activation of the AT 1 receptor (13-16). Although the current study did not directly examine motion of other helices, activation of function may require conformational changes in TM3, TM6 and TM7
helices. TM3 and TM6 helices directly bind agonist switches in Ang II which are critical for activating receptor function (13) (14) (15) (16) conformation and its stabilization because mutation of conserved residues in TM2 cause defects in receptor activation without seriously affecting agonist affinity (18, 19) . Such mutations, when combined with constitutively activated mutants, appear to behave independently suggesting lack of interaction in their effects. Thus, AT 1 receptor activation perhaps involves motions in TM3, TM6 and TM7 helices which propagate to the TM2 helix and cause accessibility changes.
Based on primary structural homology, five families of GPCRs have been identified and it has been proposed that activation of function involves a common mechanism involving movement of helices (1) (2) (3) (4) (5) (6) (7) (8) . This was demonstrated by the finding that photoactivation of rhodopsin leads to rigid-body movement of TM3 and TM6 (2, While movement of TM3, TM6 and TM7 has been implicated in photoactivation of rhodopsin and agonist activation of several other receptors including b 2 -adrenergic receptor, TM2 movement has thus far not been described for any receptor. It is known that TM2 contains one of the most conserved motifs, NLAxADL, which is implicated in agonist-induced signaling in the GPCR family ( Fig. 1) (1, 24, 25 ). An essential role for significant agonist-induced structural changes in TM2 of the AT 1 receptor has been proposed. Substitution of the Asp 74 residue in the AT 1 receptor leads to defective G-protein activation but has no effect on ligand binding (18, 19) . It was proposed that TM2 and TM7 helices move closer to each other in the The MTSEA reaction with C76A-N111G, C76A-WT and C76A-N111I receptors is shown as ■. 
